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I INTRODUCTION 

A monoli thic  f e r r i t e  memory'92 c o n s i s t s  of an  assembly of 

f e r r i t e  shee t s  conta in ing  a ma t r ix  of  embedded conductors .  A memory 

s t a c k  c o n s i s t s  of interconnected planes,  each wi th  256 p a r a l l e l  embedded 

conductors i n  t h e  s h o r t  dimension and 100 p a r a l l e l  embedded conductors 

i n  t h e  long d i r e c t i o n .  One such plane mounted i n  an epoxy frame wi th  

in te rconnec t ing  f i n g e r s  i s  shown i n  F igure  1 ,  The p a r a l l e l  conductors 

a r e  on 0.010 inch  c e n t e r s .  The two sets  of conductors a r e  i n s u l a t e d  

e l e c t r i c a l l y  from one another  by a t h i n  layer  of f e r r i t e ,  (approximately 

0.0005 inches t h i c k )  a s  shown i n  t h e  sec t ioned  view of Figure 2 .  Each 

crossover  poin t  i s  capable  of s t o r i n g  a b i t  of b inary  information.  

memory i s  organized a s  a l i n e a r  select  memory. 

of c l o s e l y  packed micro-dimensional s t o r a g e  elements w i th  closed magnetic 

f l u x  paths  f a b r i c a t e d  by ba tch  processing i s  r e a l i z e d  by monoli thic  

f e r r i t e s .  This can be exp lo i t ed  f o r  high-speed low-cost memory systems 

o r  f o r  low-power low-cost mass memories3 dr iven  by t o t a l l y  i n t e g r a t e d  

e l e c t r o n i c s .  The ma te r i a l s  work descr ibed  h e r e i n  i s  aimed a t  t h e  l a t t e r  

a p p l i c a t i o n .  

The 

A unique combination 

1,2 

The s p e c i f i c  m a t e r i a l  p rope r t i e s  necessary t o  make a low-drive 

monoli thic  f e r r i t e  f e a s i b l e  a r e  low coerc ive  f o r c e  t o  p e r m i t  low d r i v e  

cu r ren t s ,  f i n e  g r a i n  s i z e  because t h e  s t o r a g e  elements a r e  of micro- 

dimensions, h igh  e l e c t r i c a l  r e s i s t i v i t y  t o  provide i n s u l a t i o n  between 

embedded conductors,  and f a s t  switching speed t o  ensure s u f f i c i e n t l y  

h igh  output  s i g n a l  ampli tude.  I n  add i t ion ,  a degree of temperature  
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s t a b i l i t y ,  depending on t h e  app l i ca t ion ,  i s  a l s o  r equ i r ed .  To o b t a i n  

low coerc ive  force,  f i n e  g r a i n  s i z e  f e r r i t e s  of t h e  magnesium-manganese- 

z i n c  v a r i e t y  have been chosen. A s  seen  below, s u f f i c i e n t  r e s i s t i v i t y  

and switching speed a r e  obta inable .  The major c o n f l i c t  i n  p r o p e r t i e s  

i s  t o  o b t a i n  low coe rc ive  fo rce ,  f i n e  g ra ins ,  and temperature  s t a b i l i t y .  
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I1 MONOLITHIC FERRITE MEMORY FABRICATION 

There a r e  s i x  s t e p s  i n  t h e  f a b r i c a t i o n  of a laminated f e r r i t e  

memory plane: ( 1 )  f e r r i t e  powder prepara t ion ;  (2) f e r r i t e  s l u r r y  prep-  

a r a t i o n ;  (3) f e r r i t e  shee t  manufacture; (4) conductive l i n e  f a b r i c a t i o n :  

(5)  laminat ing;  and (6)  f i r i n g .  The technology descr ibed  he re  d i f f e r s  

from t h a t  developed a t  RCA Needham mainly i n  t h e  technique used t o  i n -  

co rpora t e  embedded conductors.  

A .  F e r r i t e  Powder P repa ra t ion  

45Mg. 55Fel a 55Mn. 45'4 The composition used f o r  t h i s  work i s  Zn 

( the  reasons f o r  s e l e c t i n g  t h i s  composition a r e  de l inea ted  i n  Sec t ion  I V ) .  

The formula i n d i c a t e s  15 mol % of Zn, 18.3 mol % of Mg, 15 mol '$ of Mn, 

51.7 mol % Fe. A t y p i c a l  batch conta ins  244.0 grams of z i n c  oxide,  

309.2 grams of magnesium Carbonate (heavy grade) ,  823.0 grams of i r o n  

oxide (Fe 0 ), and 344.4 grams of manganese carbonate .  These ma te r i a l s  

p lus  1900 cm3 of  methyl a l coho l  a r e  placed i n  a s t ee l  m i l l  of  6-inch 

2 3  

I . D . ,  10.5 inches deep, and charged wi th  7 kg of 3/4-inch s tee l  b a l l s .  

This charge i s  mi l led  f o r  two t o  t h r e e  hours a t  100 rpm. 

t h e  mixture  i s  d r i ed  a t  150 C, passed through a 4-mesh screen,  and 

Af te r  mi l l i ng ,  

0 

placed i n  f i r e c l a y  c r u c i b l e s  f o r  c a l c i n i n g .  The m a t e r i a l  i s  heated 

t o  1900°F i n  4 hours,  he ld  f o r  2-1/2 hours and cooled wi th  t h e  k i l n .  

The ca l c in ing  atmosphere i s  a i r  i n  a g lobar  k i l n .  

i s  placed i n  t h e  same m i l l  used f o r  mixing, 2000 c m  

a r e  added, and t h e  mixture  i s  mi l led  f o r  20 hours .  

The ca lc ined  powder 

3 of methyl a l coho l  

Af te r  drying a s  before ,  
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t h e  m a t e r i a l  i s  ready f o r  u se  i n  prepar ing  t h e  b lad ing  s l u r r y .  The 

procedure descr ibed  above i s  not  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  

used t o  prepare  f e r r i t e  powder f o r  core  press ing .  

B. F e r r i t e  S l u r r y  P repa ra t ion  

A mixture  of 640 grams of ca lc ined  f e r r i t e ,  44 grams of 

Butvar 76, 20 grams of  F lexol  D.O. P., 4 grams of t e r g i t o l  non-ionic 

TMN, and 480 cm3 of methyl e t h y l  ketone a r e  placed i n  a m i l l  i d e n t i c a l  

t o  t h e  m i l l  used f o r  mixing and gr inding  except t h i s  m i l l  i s  l i ned  wi th  

Teflon and i s  m i l l e d  f o r  72 t o  96 hours .  Af te r  mi l l i ng ,  t he  s l u r r y  i s  

put i n t o  a g l a s s  j a r  and r o l l e d  a t  1 2  rpm u n t i l  ready f o r  use .  This 

mixture  i s  then  used f o r  doc tor  b lad ing  on s i l i c o n  rubber .  S l u r r i e s  

t o  be used on g l a s s  con ta in  580 cm3 of  methyl e t h y l  ketone in s t ead  

of 480 c m  . S l u r r i e s  a r e  passed through a 200-mesh screen  a s  i t  i s  

loaded i n  f r o n t  of t h e  doctor  blade.  This i s  necessary t o  remove 

undissolved o r  unmixed clumps. 

C .  F e r r i t e  Sheet Manufacture 

3 

Sheet i s  made by drawing t h e  doctor  b lade  through a pool of 

s l u r r y  loaded i n  f r o n t  of i t .  The doctor  blade i s  a smooth s t r a i g h t -  

edge which can be set a t  any des i r ed  he ight  above a s u i t a b l e  s u b s t r a t e  

su r face .  The he igh t  of t h e  blade r e g u l a t e s  t h e  th ickness  of t h e  f e r r i t e  

s l u r r y  appl ied  t o  t h e  s u b s t r a t e .  During drying, t h e  adherence of  t h e  

s l u r r y  t o  t h e  s u b s t r a t e  must be s u f f i c i e n t  t o  prevent l a t e r a l  shr inkage;  

a l l  shr inkage should be v e r t i c a l .  Glass and s i l i c o n e  rubber have been 

found t o  be t h e  most s u i t a b l e  s u b s t r a t e s  on which t o  b lade  t h e  f i lm .  



-5 - 

Highly pol ished chromium su r faces  a l s o  a r e  s a t i s f a c t o r y ,  but  r e l e a s e  of 

t h e  f i l m  i s  more d i f f i c u l t .  Thorough we t t ing  of t h e  d r i e d  f i l m  wi th  water 

g r e a t l y  f a c i l i t a t e s  r e l e a s e .  The v e r t i c a l  shr inkage  a f t e r  drying ranges 

from 3 : l  t o  7 : l .  Thus, t o  o b t a i n  a 3-mil t h i c k  shee t ,  a doctor  b lade  

s e t t i n g  of 9 t o  21 m i l s  must be used. This r a t i o  depends upon t h e  v i s c o s i t y  

of t h e  s l u r r y ,  t h e  s p e e d  of draw of t h e  blade,  and a l s o  t h e  th ickness  of 
/ 

t h e  s h e e t .  No d e f i n i t e  f i g u r e s  a r e  a v a i l a b l e  f o r  t h e s e  v a r i a b l e s .  The 

spec i f i c  g r a v i t y  of t h e  bladed un f i r ed  shee t  i s  about 2.8.  

of t he  shee t ,  c a r e  must be taken t o  prevent a i r  c u r r e n t s  ac ross  t h e  s h e e t .  

Draf t s  cause uneven drying and can cause t h e  f i l m  t o  c rack  o r  c raze .  Drying 

should be slow enough t o  allow so lvent  t o  escape from t h e  bottom t o  t h e  

top .  I f  t h e  top  d r i e s  too f a s t ,  l a t e r a l  shr inkage takes  p lace  on t h e  

s u r f a c e  causing an orange pee l ing  e f f e c t  and c raz ing .  

10  m i l s  a r e  no t  f e a s i b l e  due t o  d i f f i c u l t y  i n  ob ta in ing  slow uniform dry ing .  

Thicker s h e e t s  can be made by laminat ing a s  many t h i n  shee t s  a s  a r e  des i r ed ;  

blocks up t o  1 inch  t h i c k  have been made i n  t h i s  way. 

D.  Conductive Line Fabr i ca t ion  

During drying 

Sheets  t h i cke r  than 

There a r e  t h r e e  methods of p u t t i n g  conductive l i n e s  i n  t h e  f e r r i t e :  

( 1 )  t o  embed a s o l i d  wire; (2)  t o  squeegee a conductive pas t e  through a 

mask onto a f l a t  s u r f a c e  and then doctor  b lade  over t h e  conductor p a t t e r n ;  

(3) t o  form grooves i n  t h e  f e r r i t e  and then  f i l l  wi th  a conductive paste 

o r  powder. The m a t e r i a l  used for conductors must wi ths tand  f e r r i t e  f i r i n g  

temperatures  and atmospheres. I n  most cases ,  t h i s  r equ i r e s  t h a t  platinum, 

paZladium, rhodium, i r idium, o r  osmium be used. Gold i s  s u i t a b l e  f o r  

fe r r i te  maturing below t h e  mel t ing  poin t  of gold.  
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S o l i d  wires of platinum, palladium, o r  gold have been used. 

Shrinkage of  t h e  f e r r i t e  dur ing  f i r i n g  (about 17  per  c e n t )  causes  

s u f f i c i e n t  stress on t h e  f e r r i t e  i n  t h e  v i c i n i t y  of t h e  s o l i d  metal  

t o  crack t h e  f e r r i t e ,  un less  t h e  f e r r i t e  w a l l  i s  about t e n  t i m e s  a s  

t h i c k  as t h e  diameter of t h e  wire. I f  t h e  f e r r i t e  i s  heavy enough no t  

t o  crack, t h e  compressive fo rces  on t h e  wires a r e  s u f f i c i e n t  t o  f r a c t u r e  

t h e  wire along s l i p  planes i n  t h e  metal .  

graphs of such samples. 

then c o n t r a c t s  i n t o  i s o l a t e d  segments a long t h e  l i n e  causing an open 

c i r c u i t .  Gold-plated platinum, rhodium, and palladium wires have been 

used success fu l ly .  The gold melts, a l lowing t h e  sh r ink ing  f e r r i t e  t o  

s l i d e  along t h e  wires. However, t h e  mechanical problems involved i n  

s t r e t c h i n g  many p a r a l l e l  wires seems t o  make t h i s  method imprac t i ca l .  

Pas t e s  have been made of a l l  t h e  s u i t a b l e  m e t a l l i c  powders. 

This has  been shown by r ad io -  

I n  t h e  case of gold conductors,  t h e  gold m e l t s ,  

P a t t e r n s  a r e  photoetched i n  bery l l ium copper o r  s t a i n l e s s  s t ee l  masks. 

The pas t e  i s  squeegeed through t h e  masks onto  a g l a s s  o r  s i l i c o n e  rubber 

s u b s t r a t e .  F e r r i t e  s l u r r y  i s  bladed over t h e  p a t t e r n s  l a i d  down through 

t h e  masks. The d r i ed  f e r r i t e  f i l m  i s  then peeled o f f  inc luding  t h e  

conductive p a t t e r n s .  This process i s  l imi t ed  by t h e  mechanics of 

t h e  mask. Long, f ine ,  c l o s e l y  spaced conductors a r e  not  f e a s i b l e  wi th  

t h e  present  s t a t e  of t h e  a r t ,  but  t h i s  technique i s  employed a t  RCA Needham 

t o  produce conductors about 1 inch  long on 15 m i l  c e n t e r s .  

Grooves i n  t h e  f e r r i t e  shee t s  are  produced by f i r s t  machining t h e  

des i r ed  p a t t e r n  i n  a lacquer  phonograph record master (Figure 3a). RTVGO 

s i l i c o n e  rubber i s  then  c a s t  over t h e  master producing a male rubber master 
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(Figure 3b) .  F e r r i t e  s l u r r y  i s  bladed over t h e  master (Figure 3c) .  

The d r i ed  f i l m  i s  peeled o f f  (Figure 3d) .  The grooves a r e  then  f i l l e d  

w i t h  conductive powder by coa t ing  t h e  shee t  w i th  a water  mixture  of t h e  

powder and sugar .  Af t e r  dry ing , the  excess  powder i s  brushed o f f  leav ing  

t h e  grooves f i l l e d ,  

A supe r io r  technique i s  t o  produce grooves by embossing a 

p l a i n  green f e r r i t e  s h e e t .  The embossing punch (Figure 4b) i s  made by 

e l e c t r o p l a t i n g  n i c k e l  on a lacquer  master (Figure 3a ) .  The n i c k e l  master 

i s  given a l i g h t  chromium f l a k h  t o  f a c i l i t a t e  removal of t he  embossed 

f i lm .  Refer r ing  t o  Figure 4 ,  embossing i s  accomplished by loading t h e  

d i e  (g) a s  follows: bottom punch (a) ,  n i c k e l  master (b),  p l a i n  f e r r i t e  

s h e e t  ( c ) ,  aluminum f o i l  (d), rubber pad ( e ) ,  and top  punch ( f ) .  The 

loaded d i e  i s  heated t o  90°C and a p re s su re  of 3000 p s i  i s  maintained 

f o r  about 30 seconds.  The d i e  i s  immediately unloaded and t h e  embossed 

s h e e t  i s  removed from t h e  master by soaking i n  water f o r  1 t o  3 minutes.  

To f a c i l i t a t e  r e l e a s e  t h e  master i s  coated with a 10% s o l u t i o n  of 

T e r g i t o l  TMN i n  water,  then  d r i ed  before  us ing ,  The grooves a r e  then  

f i l l e d  wi th  conductor powder a s  before .  

The embossing technique has c e r t a i n  advantages over t h e  rubber 

master technique.  For one th ing ,  t h e  rubber master tends t o  swell when 

t h e  s l u r r y  i s  bladed over  i t .  Furthermore, t h e  f e r r i t e  shee t  can c rack  

upon drying,  p a r t i c u l a r l y  i f  t h e  grooves a r e  r a t h e r  deep. 

a r e  circumvented by embossing, but  care must be taken i n  sepa ra t ing  t h e  

embossed shee t  from i t s  punch. 

These problems 
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E .  Laminating 

A l l  laminat ing i s  done i n  e s s e n t i a l l y  t h e  same way. The d i e  (j) 

i n  Figure 5 i s  f i l l e d  i n  t h e  fol lowing order :  bottom punch (a), rubber 

p re s su re  pad (b), aluminum f o i l  (c), f i l l e d  word-line shee t  (d), blank 

spacer  shee t  (e), f i l l e d  d i g i t - l i n e  ( f ) ,  aluminum f o i l  (g) ,  rubber 

p re s su re  pad (h), and top  punch (i). A p re s su re  of  2000 p s i  i s  appl ied  

t o  t h e  punches and t h e  temperature  i s  increased  t o  90 C.  The s t a c k  i s  0 

removed h o t .  

F igure  6 shows t h e  d i e s  and punches used f o r  laminates:  (a), 

t h e  256 x 64; (b), t h e  256 x 100 ; and (c), t h e  512 x 200. 

F. F i r i n q  

F i r i n g  i s  done between t o  f l a t ,  ground, doped aluminum oxide 

set ters .  One green f e r r i t e  p lane  i s  placed between a p a i r  of spaced 

s e t t e r  p l a t e s ,  a s  shown,in F igure  7 .  The spacing i s  about 2 m i l s  g r e a t e r  

than  t h e  th ickness  of t h e  f e r r i t e .  This  l i m i t s  warping. The f i r i n g  

schedule  i s  t o  go t o  2300°F a t  450°F per hour, hold 2 hours,  and then  

coo l  wi th  t h e  k i l n  i n  an  a i r  atmosphere. 

i s  requi red  t o  o b t a i n  proper magnetic p r o p e r t i e s .  The annea l ing  schedule  

i s  t o  

hold f o r  2 hours,  and then  cool  wi th  t h e  k i l n .  

Subsequent n i t rogen  annea l ing  

inc rease  t h e  temperature  t o  2050°F a t  t h e  r a t e  of 450°F per hour, 

The f a b r i c a t i o n  of t h e  doped aluminum oxide setter i s  important 

because i t  determines both t h e  amount of s t i c k i n g ,  which causes  nonuniform 

shrinkage,  and t h e  degree of setter warping, which determines t h e  f l a t n e s s  

of t h e  f i r e d  laminate .  

g r i t ,  20% AWIF E l e c t r o n i c  Grade Alundum and 20% 1200 AWIF E l e c t r o n i c  Grade 

The powder (10% Fe203, 10% MgC03, 40% 220-B Alundum 
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d 

Alundum by weight) a r e  thoroughly mixed w i t h  s u f f i c i e n t  methanol i n  a 

s teel  m i l l  wi th  s t ee l  b a l l s  t o  form a s t i f f  s l u r r y .  Af te r  mixing 2 hours,  

t h e  s l u r r y  i s  d r i e d .  Seven percent  by weight of a 7% s o l u t i o n  of methyl 

c e l u l o s e  i s  thoroughly mixed wi th  t h e  d r i ed  powder i n  a Hobart mixer, 

then  passed through a 30 mesh s t a i n l e s s  s tee l  screen .  This m a t e r i a l  i s  

then  pressed i n t o  p l a t e s  of t h e  des i r ed  s i z e  a t  a molding p res su re  of 

20000 p s i .  Af t e r  drying,  t h e  p l a t e s  a r e  f i r e d  a t  2500°F f o r  2 hours,  

then  lapped f l a t  on both s i d e s .  

I n  order  t o  f a c i l i t a t e  in te rconnec t ions  t h e  f in i shed  laminate  

should have reproducib le  dimensions w i t h i n  a t i g h t  t o l e rance .  For ins tance ,  

t h e  technique i l l u s t r a t e d  by Figure  1 

t o  an embedded conductor exposed by abrading)  r e q u i r e s  a t o l e rance  of 

+ l o  m i l s  ( b e t t e r  than  a 1% t o l e rance  over t h e  2.5 i nches ) .  Measurements 

have shown t h a t  mechanical dev ia t ions  i n  t h e  s i n t e r i n g  s t e p  predominate. 

I n  a s e r i e s  of e leven 256 x 64  samples t h a t  were a i r  quenched fol lowing 

S in te r ing ,  on ly  two had dimensions w i t h i n  a $10 m i l  t o l e r a n c e s 3  Using 

t h e  s i n t e r i n g  procedures and se t te r  p l a t e s  descr ibed above approximately 

50% of a series of 32 samples were w i t h i n  tolerance.;? More c a r e f u l  c o n t r o l  

of  t he  s i n t e r i n g  environment, such a s  t h e  usage of a tunnel  k i l n ,  can 

lead t o  f u r t h e r  improvements, but  t h e  mechanical t o l e r a n c e  requi red  t o  

f u l l y  automate in te rconnec t ions  i s  a t  t h e  l i m i t s  of t h e  ceramic a r t .  

(solderweld of a t inned  copper f i n g e r  

:?Preliminary experiments w i t h  t i n  
these  f i g u r e s  -- f i v e  of a f i r s t  
a l l  e i g h t  of a second group were 

oxide se t te rs  show some improvement over 
group of e i g h t  samples w i t h i n  k6 m i l s  and 
wi th in  k 3.6 m i l s .  
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111. EFFECTS OF PROCESSING PARAMETERS 

A.  Calcining and Gr inding  

The gr inding  t i m e  and c a l c i n i n g  temperature  produce changes 

i n  magnetic parameters and d r a s t i c  changes i n  shape of t h e  h y s t e r e s i s  

loop of t hese  m a t e r i a l s ;  Increased  gr inding  t i m e  and c a l c i n i n g  t e m -  

pe ra tu re  produce an inc rease  i n  dens i ty ,  g r a i n  growth, and g r a i n  s i z e  

d i s t r i b u t i o n .  Ma te r i a l  ca lc ined  a t  1900°F f o r  2 hours and ground f o r  

17 hours produces a reasonably dense (g rea t e r  than  90% of t h e o r e t i c a l  

d e n s i t y )  f e r r i t e  when f i r e d  a t  2300°F f o r  2 hours and annealed f o r  8 

hours  a t  2050'F. 

c a l c i n i n g  and s h o r t e r  gr inding  times w i l l  r e s u l t  i n  a porous m a t e r i a l  

w i t h  1 t o  2 micron g r a i n s .  Calcining above 1400 F and gr inding  f o r  

The g r a i n  s i z e  w i l l  be between 1 and 6 microns. Lower 

0 

i %  37 hours induces spontaneous g r a i n  growth t o  a s i z e  of  s e v e r a l  hundred 

microns. These l a r g e  g ra ins  a r e  surrounded by l a r g e  numbers of 1 t o  

6 micron g r a i n s .  This tremendous d i f f e r e n c e  i n  g r a i n  s i z e s  causes  

extremely jagged nonl inear  v e r t i c a l  po r t ions  of t h e  h y s t e r e s i s  loop. 

Small g ra ins  a r e  requi red  f o r  a low switching c o e f f i c i e n t  and uniform 

g r a i n  s i z e  i s  requi red  f o r  a maximum r e c t a n g u l a r i t y  i n  t k e  h y s t e r e s i s  

loop. Smaller g ra ins  lead  t o  inc reas ing  t h e  coerc ive  force ;  however, 

t h i s  can be  maintained a t  a s a t i s f a c t o r y  l e v e l  by compositional adjustment.  

This adjustment i s  made a t  a loss  of temperature s t a b i l i t y .  The r e s i s t i v i t y  

i s  no t  no t i ceab ly  inf luenced by t h e  processing parameters.  



Because of t h e  smal le r  and more uniform g r a i n  s i z e  obtained 

wi th  m a t e r i a l s  ca lc ined  a t  1200°F ins t ead  of 1 900°F, t h i s  c a l c i n i n g  

temperature  would be p re fe r r ed .  However, a good workable s l u r r y  and 

s u f f i c i e n t l y  p l i a b l e  bladed shee t  could no t  be obta ined  w i t h  these  low- 

ca lc ined  powders without  excess ive  use of b inders  r e s u l t i n g  i n  excess ive  

shr inkage  and po ros i ty .  

ob ta ined  by ca l c in ing  a t  1800°F t o  1900°F f o r  1 t o  3 hours .  

S a t i s f a c t o r y  workab i l i t y  and p l i a b i l i t y  can be 

B .  The Binder System 

The binder  system performs two important func t ions :  ( 1 )  i t  

provides a v e h i c l e  i n  which t h e  ca lc ined  f e r r i t e  powder i s  d ispersed  

and by which t h e  powder can be d i s t r i b u t e d  i n  a uniform layer  of con- 

t r o l l e d  th ickness  over a s u i t a b l e  su r face ;  and (2) i t  provides a mat r ix  

holding t h e  f e r r i t e  powder i n  t h e  form of a f l e x i b l e ,  tough shee t  t h a t  

can be cu t ,  formed, embossed, punched, and molded i n t o  var ious shapes,  

then completely burned out  a t  a low temperature leav ing  t h e  f e r r i t e  

p a r t i c l e s  t o  s i n t e r  and r e a c t  i n  a normal manner. 

Severa l  binder  systems have been t r i e d .  Polyvinyl  b u t y r a l  has 

been found t o  be t h e  most s a t i s f a c t o r y .  

shee t  can be obtained wi th  a s  l i t t l e  a s  2% Butvar by weight .  

amount of binder  r e s u l t s  i n  cons iderably  lower f i r i n g  shr inkage and fewer 

burnout problems, p a r t i c u l a r l y ,  w i th  laminates having t h i c k  c ros s  s e c t i o n s .  

The so lven t ,  mixing t i m e ,  and v i s c o s i t i y  a r e  a d d i t i o n a l  important 

A workable s l u r r y  and bladed 

This  smal l  

v a r i a b l e s .  The type of so lvent  con t ro l s  t h e  r a t e  of  drying of t h e  s l u r r y  

and t h e  amount of so lvent  c o n t r o l s  t h e  v i s c o s i t y .  Higher v i s c o s i t i e s  a r e  
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requi red  f o r  shee t s  above 6 o r  7 m i l s  th ick ,  and lower v i s c o s i t i e s  a r e  

p re fe r r ed  f o r  t h e  th inne r  s h e e t s .  Toluene and methyl e t h y l  ketone a r e  

very s u i t a b l e  f o r  t h e  blading of s h e e t s  up t o  10 m i l s  t h i c k .  Toluene 

i s  bes t  f o r  s h e e t s  above 5 m i l s  t h i c k  and MEK b e s t  f o r  t h e  th inne r  s h e e t s .  

Shee ts  between .1 m i l  and 15 m i l s  have been bladed. Sheets  t h i c k e r  than 

6 o r  7 m i l s  a r e  b e s t  prepared by laminat ing t h e  requi red  number of t h inne r  

s h e e t s .  

The degree of  mixing is  very  important a s  i t  i s  t h e  major f a c t o r  

i n  determing f i r e d  d e n s i t y  and f i r i n g  shr inkage.  The longer t h e  mixing 

t h e  b e t t e r  except ,  i f  c a r r i e d  too f a r ,  t h e  s l u r r y  forms a j e l l  which 

cannot be broken down and hence i s  u s e l e s s  f o r  b lad ing .  The reason f o r  

t h e  j e l l i n g  i s  not  known, but  mixing can be increased  from 6 hours t o  

96 hours i f  a t e f l o n - l i n e d  m i l l ,  i n s t ead  of a s t ee l  m i l l ,  i s  used. A 

50% charge of s t ee l  b a l l s  i s  used i n  both cases .  

increased  from 3.6 t o  4.5 g/cc and l i n e a r  shr inkage  reduced from 20% t o  

16% by s u f f i c i e n t  mixing. 

F i r ed  d e n s i t i e s  can be 
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I V  COMPOSITION 

Choosing t h e  Composition 

The composition was chosen t o  g ive  t h e  b e s t  match wi th  t h e  

des i r ed  magnetic and e l e c t r i c a l  parameters.  The goa ls  are: coerc ive  

f o r c e  -- Hc = .5 O e ;  s a t u r a t i o n  f l u x  d e n s i t y  -- Bs >, 1000 gauss;  

squareness  -- B /B > - 9 ;  switching c o e f f i c i e n t  -- S 5 . 3 ;  temperature 

c o e f f i c i e n t  a minimum; and e l e c t r i c a l  r e s i s t i v i t y  -- p > 10 Rcm.  The 

system Z 

c h a r a c t e r i s t i c s ;  t h e  reg ion  between .55 5 x  <, .75 and .40 f c y  .65 

was chosen f o r  d e t a i l e d  i n v e s t i g a t i o n .  Basic  magnetic da t a  a r e  most 

convenient ly  obtained from t o r o i d s .  

r m  W 

6 

Mn 0 i s  known t o  have many of t he  des i r ed  n(1 -x)MgxFe(2-y) y 4 

The t o r o i d s  were prepared by c u t -  

t i n g  from t h r e e  4-mil doctor  bladed shee t s  laminated toge the r .  

A l l  magnetic da ta  except f o r  Sw, were taken from an h y s t e r e s i s  

loop obtained wi th  a d r i v e  frequency of 400 Hz on t h e  t o r o i d ,  

coerc ive  f o r c e  and Br/Bm r a t i o  (Em i s  measured a t  approximately 1.5 H c  

and i s  about 1500 gauss i n  t h i s  compositional range)  of  t h e  samples 

a r e  shown a s  a func t ion  of composition and f i r i n g  condi t ions  i n  Figure 8. 

A study of t h e s e  curves shows t h a t  maximum Br/Bm r a t i o s  a r e  t o  be found 

i n  compositions having t h e  lower va lues  of both x and y and subjec ted  

The 

t o  more thermal work, ( t h a t  is, increased  f i r i n g ) .  The coerc ive  fo rce  

i s  seen t o  be e s s e n t i a l l y  independent of y, but t o  inc rease  r a p i d l y  wi th  

x and t o  decrease  somewhat w i th  inc rease  i n  thermal work. 
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S ince  t h e  low d r i v e  f e r r i t e  i s  intended f o r  u se  i n  a l i n e a r -  

select memory, t h e s e  m a t e r i a l s  cannot be compared u s e f u l l y  on t h e  b a s i s  

of t h e i r  coincidence cu r ren t  switching t i m e .  Rather,  t h e i r  switching 

t i m e  a t  r e l a t i v e l y  l a r g e  overdr ive  i s  t h e  quan t i ty  of i n t e r e s t .  The 

switching t i m e s ,  w i th  0.5 microsecond a s  a maximum, have been measured 

a s  a func t ion  of mean app l i ed  f i e l d .  The s lope  of  t h e  curve of  i nve r se  

switching t i m e  v s .  f i e l d ,  Sw, gives  a measure of t h e  r e l a t i v e  f a s t  

switching performance of t h e  var ious  compositions.  

Ce r t a in  of t h e  compositions have been processed wi th  varying 

s i n t e r i n g  condi t ions ,  a s  seen i n  Figure 9 .  Ce r t a in  t o r o i d s  from a l l  

f i r i n g  except those  involv ing  N anneals  a t  1800°F and 1900°F, which 

have poor squareness,  have been s tudied .  T e s t  cores  f o r  switching 

measurement a r e . c u t  from green laminated f e r r i t e  shee t s ;  a l l  t h e  com- 

pos i t i ons  wi th  x E .55 were used. 

.55, y = .40 a t  2100°F a i r  - 2050°F N 

0.23 (x = .55, y = .55 a t  2300°F a i r  - 2050°F N 2  a t  h igh  d r i v e )  t h e  

measured S ' s  a r e  almost a l l  i n  t h e  range of 0.30 t o  0.35. S imi l a r  

values  have been obta ined  by Gyorgy' f o r  a v a r i e t y  of Mg-Mn-Zn f e r r i t e s  

wh i l e  Palmer e t . a l .  , obtained values  ranging from -1 .O wi th  smal l  amounts 

of Zn, down t o  0.34 wi th  l a r g e  amounts of Zn. (Palmer's measurements 

were a t  q u i t e  low d r i v i n g  f i e l d s ) .  Exact comparisons a r e  i n v a l i d  be- 

cause of d i f f e r e n c e s  i n  measurement technique, but  t h e  processing of 

a p a r t i c u l a r  composition can have a s i g n i f i c a n t  i n f luence  on t h e  switching 

p r o p e r t i e s .  Processing f o r  laminated f e r r i t e s  l eads  t o  f i n e  g r a i n  

2 

Although Sw ranges from 0.43 (x = 

a t  r e l a t i v e l y  low d r i v e )  t o  2 

W 

4 
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ma te r i a l s  w i th  gene ra l ly  h igher  po ros i ty  than  i n  pressed cores .  

S I s  lower than  i n  pressed cores  of s imilar  chemical compositions r e s u l t .  

Thus, 

W 

The percent  change i n  coerc ive  f o r c e  p e r  degree change i n  

ambient temperature  of t h e  more i n t e r e s t i n g  compositions has been found 

t o  decrease  wi th  inc reases  i n  x (see Figure  9 ) .  This i s  due t o  an 

i n c r e a s e  i n  Curie  temperature  wi th  decreas ing  z inc .  Higher thermal 

work lowers t h e  c o e f f i c i e n t  i n  compositions wi th  lower values  of y. 

The h ighes t  c o e f f i c i e n t s  were found when y = -50 t o  .55 and i n  samples 

having had t h e  g r e a t e s t  thermal work. General ly ,  compositions wi th  

t h e  lowest coerc ive  f o r c e  a l s o  have t h e  poores t  temperature  s t a b i l i t y .  

The temperature c o e f f i c i e n t s  of t h e  most accep tab le  compositions run 

between .3  and 1.3 per  cent  change i n  coe rc ive  f o r c e  per  degree cen t ig rade  

over t h e  temperature  range of  20 C t o  5OoC. 

w i l l  be 9% t o  39% less a t  5OoC than a t  2OoC. 

0 That is, t h e  coerc ive  f o r c e  

8 I n  t h i s  composition system, t h e  r e s i s t i v i t y  i s  rought ly  10 

Qcm. a t  room temperature .  

A composition wi th  a va lue  of x = .55, y = .45 has been chosen 

a s  providing t h e  bes t  compromise of  parameters,  and was u t i l i z e d  t o  

develop t h e  f a b r i c a t i o n  and processing technology descr ibed earlier.7k 

$4 f e r r i t e  w i t h  cons iderably  b e t t e r  temperature s t a b i l i t y  has been synthesized 
by R. Harvey and I. Gordon and produced in  laminate  form -- 
Mna4,04.6 I t s  coerc ive  f o r c e  i s  i n  t h e  0.7 - 1.1 O e  range.  

Z n e l  tMg083Fe1 .65 
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V. LOW DRIVE MONOLITHIC MEMORY ARRAY OPERATION 

The monolithic ferrite memory is operated as a two-wire word- 

organized (linear select) memory. One of the wires carries the full read 

and write currents in appropriate time sequence. The other orthogonal 

set of embedded wires carries the sense signals and digit currents in 

time sequence. The array is designed to be driven by integrated electronic 

circuits. 

each crossover point of the orthogonal conductors can store an information 

bit. At very high speeds, two adjacent crossovers are used for one bit 

so as to cancel common noise voltages. 

Because of the low current values and slow risetimes used, 

2 

To store a binary "l", a negative Digit current is applied in 

time coincidence with the positive Write current; to store a binary "O", 

a positive Digit current is applied with the Write. The subsequently 

applied negative Read current erases the flux stored around the digit 

conductor at the crossover point. This induces a signal voltage on the 

digit conductor, the polarity of which depends on the stored information - 
positive for a "1" and negative for a "0". This operation is illustrated 

, 
in Figur&lO. The testing of hundreds of scattered bits in the 256 x 100 

planes indicates that uniformity of a signal output can be adequate for 

memory ~peration.~ 

posed of a composition containing less Zn, but requiring a higher drive 

current. 

Still better uniformity is obtained from planes com- 

6 
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This s o r t  of  low power ope ra t ion  w i l l  enable  t h e  r e a l i z a t i o n  

of very low c o s t  random-access mass memories because of t h e  inco rpora t ion  

of batch f a b r i c a t i o n  techniques f o r  both t h e  magnetic s to rage  medium 

and t h e  surrounding e l e c t r o n i c s .  
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FIG.9 TEMPERATURE STABILITY AS A FUNCTION OF COMPOSITION 
IN THE SYSTEM OF FIG.8 
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